Introduction 4 4
Traumatic brain injury (TBI) is among the top causes of death and disability in adult life with an 4 5 estimated incidence of 0.20-0.52 % in the general population (1, 2) . Approximately 2 % of the 4 6 population just in the USA suffer from a wide-range of lifelong physical and psychological TBI is defined as an alteration in brain function, or other evidence of brain pathology, caused by an 1 3 0 of these surgery-induced brain damages to the pathophysiology of TBI, and specifically to the 1 3 1 induced neuro-immune response, has no clinical relevance. Due to the fact that the aim of our study 1 3 2 is to characterize the adaptive immunity in response to a mild TBI, and not to analyze how 1 3 3 differences in trauma severity can affect the neuro-immune response, in compliance to the 3R 1 3 4 principle, we excluded the sham-operated animals from our study, and we used naïve mice not 1 3 5
exposed to the surgical procedure as proper controls. Pharmascan, Ettlingen, Germany). Images were acquired using a four-channel mouse brain surface the respiratory rate, and respiratory-gating was used to minimize motion artifacts. outlined for volumetric analysis, avoiding the brain-skull interface and ventricles, throughout the 1 4 7 entire extension of the brain (excluding olfactory bulbs and cerebellum). Lesion was defined as Observer.Z1), and high-resolution Z-stack images were captured using 20X objective with a 2 3 6 confocal microscope (Zeiss LSM710). ZEN 2012 software (Carl Zeiss GmbH) was used for image 2 3 7 processing. Due to the technical limitations related to CD3ε immunostaining, we used the stained 2 3 8 sections exclusively to define the areas of T cell infiltration and not for its quantification. Data exclusion criteria -We conducted 9 independent experiments, where a total of n = 16 "WT 2 4 1 CCI"; n = 12 "WT naïve"; n = 13 "K14 CCI" and n = 10 "K14 naïve" mice have been analyzed. Before statistical analysis, brain-derived samples were checked for their quality, based on total T 2 4 3 cell recovery. Each sample has been considered independently, and we evaluated the T cell viability the total number of live T cells was below 100 counts were a priori excluded from the analyses. Samples derived from one animal (K14 CCI) were excluded due to sample handling problems.
In vivo MRI and lesion volume definition
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Considering two genotypes (WT and K14) and three experimental conditions (T cells infiltrating 2 4 8 the brain tissue ipsilateral to the lesion -"ipsi"; T cells infiltrating the tissue contralateral to the 2 4 9 9 lesion -"contra", and T cells from naïve brain tissue -"naïve"), a total of n = 12 "WT ipsi"; n= 7 2 5 0 "WT contra"; n = 5 "WT naïve"; and n = 10 "K14 ipsi"; n = 7 "K14 contra"; n = 9 "K14 naïve" 2 5 1 were eventually used for statistical analyses. T cell viability > 90 % was used for the quality requirement of spleen samples. Moreover, we 2 5 3 excluded samples presenting more than 50 % of necrotic tissue (defined as dark red non-perfused 2 5 4 area in the spleen). Considering two genotypes (WT and K14) and two experimental conditions 2 5 5 (CCI and naïve), a total of n = 13 "WT CCI"; n= 12 "WT naïve"; and n = 11 "K14 CCI", n = 9 2 5 6 "K14 naïve" were used for subsequent statistical analyses. Statistical analysis of brain-related data -Due to the small amount of T lymphocytes in naïve 2 5 8 brains, brain samples were fully acquired on the flow cytometer, and for each population we 2 5 9 analyzed both the absolute counts and the percentage referred to the respective parent population. Statistic models were applied considering the nature of our data (counts or percentages) and the 2 6 1 experimental groups analyzed. A binomial negative regression was applied to assess statistical 2 6 2 differences in the counts of total T cells, of CD4+, and of CD8+ cells between the two genotypes or 2 6 3 within the same genotype between independent data. The binomial negative regression took into 2 6 4 account both genotype and treatment, and their interaction. Because, within the same genotype, data 2 6 5 from ipsi and contralateral brain sides are dependent, a linear mixed model was carried out to 2 6 6 evaluate the differences in the total number of T lymphocytes, CD4+, and CD8+ T cells between 2 6 7 "WT ipsi" vs. "WT contra" or "K14 ipsi" vs. "K14 contra". As the data were not normally 2 6 8 distributed (Shapiro-Wilk test p-value < 0.05), statistical differences between independent data in 2 6 9 CD4+ and CD8+ T cell populations (expressed as percentage of T cells), as well as in the correction was used to adjust p-values in multiple comparison. Statistical analysis of data from spleen -All data from spleen are expressed as percentage of the 2 7 5 parent population. After establishing the normal distribution of the data (as well as skewness and Kruskal Wallis test or the paired samples Wilcoxon signed ranked test, depending on the nature of 2 7 8 the data (independent or dependent), followed by Bonferroni adjustment. was analyzed by Pearson linear regression, after checking for normality distribution of data as 2 8 2 described before. The presence of infiltrating T lymphocytes in the parenchyma is a signature of brain lesion. As first 2 9 0 step in characterizing T cell infiltration at a chronic time point after TBI, we analyzed T cell 2 9 1 presence in the area of injury and in other brain areas not directly affected by the penetrating injury. For this purpose, we stained the brains of both WT and K14-VEGFR3-Ig mice for the presence of 2 9 3 the co-receptor CD3 (a specific marker of T lymphocytes), sacrificed 30 days post-injury (dpi). As 2 9 4 expected, T cells are massively present within the boundaries of the injured area (Figure 2A , B). immunostaining was also found along the corpus callosum ( Figure 2D ) while a minor presence of T 2 9 8 cells was observed in the striatum, in the hippocampus and in the thalamus ipsilateral to the lesion As a next step, we decided to further characterize the populations of infiltrating T lymphocytes Thirty days after brain trauma induction in WT and littermate K14-VEGFR3-Ig mice, leukocytes were purified separately from the perilesional and the contralateral cortices (or from the cortex of 3 0 9 both WT and K14-VEGFR3-Ig naïve mice). T cells were identified by staining for T cell receptor 3 1 0 (TCRβ) and the presence of the co-receptors CD4 and CD8. The acquired count of live T cells in 3 1 1 the different experimental conditions is reported in Figure 3 . A significant ~10-fold increase in corresponding naïve non-injured mice (WT naïve: median = 242; Q3-Q1 = 105; K14 naïve: median 3 1 5 = 197; Q3-Q1 = 66; for statistical analysis, see Figure 3A ). The number of TCRβ+ cells in the 3 1 6 cortices contralateral to the lesion, instead, was not different from naïve brains (WT contra: median 3 1 7 = 201; Q3-Q1 = 84; K14 naïve: median = 239; Q3-Q1 = 155; for statistical analysis, see Figure 3A ). No genotype-related differences were observed ( Figure 3A ). We next analyzed the CD4:CD8 ratio within the infiltrating T cells ( Figure 3B ), and found a 3 2 2 prevalence of CD8+ T cells in all the experimental conditions, regardless the presence of brain 3 2 3 injury. However, limited to the perilesional cortex of K14-VEGFR3-Ig mice, we detected a 3 2 4 significant skew of the CD4:CD8 ratio towards CD8+ cells (CD4:CD8 ratio K14 ipsi = 3 2 5 0.097±0.053; WT ipsi = 0.350±0.197; ChiSq: 8.836, mean ranks: 5.50/13.27, p = 8e-04 Bonferroni 3 2 6 adjusted), while the ratio in the contralateral cortex did not differ between the two genotypes 3 2 7 (CD4:CD8 ratio K14 contra = 0.221±0.247; WT contra = 0.456±0.212; ChiSq: 2.469, mean ranks: 3 2 8 5.43/8.83, p = 0.120 Bonferroni adjusted). To better understand how the lack of mLVs affects the T 3 2 9
cell-mediated neuro-immune response, we analyzed both the absolute numbers of CD4 and CD8 3 3 0 subpopulations and their relative frequency. Data analysis shows a reduction of the total number of 3 3 1 CD4+ T cells infiltrating the perilesional cortices of K14-VEGFR3-Ig (median = 106; Q3-Q1 = 3 3 2 156), compared to WT mice (median = 245; Q3-Q1 = 218; ex. coef.: -0.82, p = 0.033 K14 ipsi vs. VEGFR3-Ig mice, we found a significant reduction in the frequency of CD4+ T cells in transgenic antigen drainage to dcLNs for the promotion of the CD4-mediated neuro-immune response (15, 17) . opposing functions. As a secondary outcome, we characterized both the CD8+ and CD4+ respectively)( Figure 5A, B and Supplementary Table 2 ). The second most expressed CD8+ Among CD4+ perilesional infiltrating T cells, we found a similar frequency of subpopulations 3 5 5 expressing CD44 and CD69 antigens, with a slight prevalence of CD44 hi CD69+ over CD44 hi CD69- frequency distribution of the different subpopulations was identical between the two genotypes. Analyses of MRI images acquired 21 days after TBI induction revealed a T2 intensity increase in 3 6 0 the ipsilateral hemisphere. The increase of T2 intensity was observed in the parietal-temporal 3 6 1 cortices, mainly involving the somatosensory and the visual cortices ( Figure 6A ), expanding in a (ChiSq: 1.400, mean ranks: 8.00/11.17, p = 0.248)( Figure 6C ). Correlation between infarct volume 3 6 7 and relative tissue loss was compared in transformed data with linear regression analysis. When significantly correlated with the values of relative tissue loss (r = 0.61; p = 0.005)( Figure 6D ). Similarly, the infarct volume in the K14 CCI group correlated with the mean value of the brain swelling (r = 0.74; p = 0.051), while no correlation was found in the WT CCI mice (r = 0.50; p = 3 7 2 0.101). Alterations of systemic immunity are frequent in TBI patients. We analyzed the levels and the 3 7 5 frequency of different T cell subpopulations in the spleen of WT and K14-VEGFR3-Ig mice, one 3 7 6 1 3 month after TBI induction. As previously described (34) Bonferroni adjusted)( Figure 7A ). Contrary to what was observed in the brain, the systemic 3 8 0 lymphopenia in K14-VEGFR3-Ig genotype corresponds to a relative frequency reduction in 14.727, mean ranks: 5.00/15.50, p = 1e-04 Bonferroni adjusted)( Figure 7B ). In K14-VEGFR3-Ig 3 8 3 mice, but not in WT mice, we found a significant reduction in the total T cells frequency after TBI and CD8+ subpopulations between WT and K14-VEGFR3-Ig mice, which is trauma independent. Both K14 naïve and K14 CCI mice, indeed, showed an increased frequency of memory T cells 3 9 0 (CD4+CD44 hi CD69+, CD4+CD44 hi CD69-and CD8+CD44 hi CD69+, CD8+CD44 hi CD69-; for 3 9 1 statistical analysis, see Supplementary Table 3 )( Figure 7C, D) . The results of this study show the effects of the deficiency of functional CNS lymphatic system on 3 9 5 the chronic T cell-mediated immune response following TBI. Mounting evidence implicate a modulation of a T lymphocyte-mediated immune response as a 3 9 7 result of TBI. In the CNS, T cell infiltration after trauma has been observed in human (35-37) and 3 9 8 animal models of brain injuries, both at acute and chronic time points (6, (8) (9) (10) 38) : however, a 3 9 9 characterization of this adaptive neuro-immune response is so far missing. Our data confirm that the early chronic phases after TBI are characterized by a sustained brain 4 0 1 infiltration of T lymphocytes (6, 8, 10) , which is restricted to the cortical areas surrounding the 4 0 2 lesion. In WT (C57Bl/6JOla) injured mice, infiltrating T cells have predominantly a cytotoxic representing more than 90 % of total infiltrating T lymphocytes. We attribute this effect to the Moreover, our data also originally indicate that systemic-and neuro-immune responses after brain 4 1 1 injury are independently regulated, resulting in a strong adaptive immune response in the brain, 4 1 2 even in the absence of a systemic immune reaction. Specifically, our findings suggest that: 1) 4 1 3 immune response in the brain at early chronic time points after TBI is principally mediated by 4 1 4 cytotoxic CD8+ T cells; 2) the circuit CNS lymphatic system is essential to modulate the specific lymphocytes does not correlate with the neuroimmulogical state of the brain. wave of T cell infiltrates the brain (8, 10), suggesting the development of an adaptive immune 4 2 9 response, which can contribute to the development of the secondary injuries. It is, therefore, Mounting of an adaptive immune reaction require the specific activation of T cell within the lymph type and the magnitude of the neuro-immune response (15, 17, 43, 44) . Experimental evidence has 4 3 8 suggested that in the dcLNs a specific T-helper (Th) immune response is elicited against brain- This specific response, sustaining a microenvironment within the brain that inhibits the pro- mLVs and in sclerotic dcLNs, while scLNs do not seem to be affected (14, 46) . In these mice, the 4 5 0 peripheral immune response is compromised with an impaired humoral immunity and a delayed but polarization towards a CD8+ cytotoxic neuro-immune response. We suggest that in K14-VEGFR3-4 5 7
Ig mice the activation of the Th2/Treg-mediated immune response, within the dcLNs, is bypassed. T lymphocyte are prevalently CD8+ with a CD44 hi CD69+ phenotype. CD69 is an early marker of T cell activation (32), suggesting that the CD8+ T lymphocytes found in 4 6 8 the perilesional areas could be selectively activated. As a confirmation of this, on the contralateral 4 6 9 side we found a significant increase of CD8+CD44 hi T cells with a negative CD69 phenotype (data lesion. Further studies are required to comprehensively characterize the phenotype of the CD8+ T 4 7 8 cell population infiltrating the brain, their ability to undergo clonal expansion and to release effector cytokines (e.g. IFNγ), and to determine the antigen specificity. In our experimental conditions, within the CD4+ population of T cells infiltrating the perilesional 4 8 1 cortex, we found a slight prevalence of CD44 hi CD69+, suggesting that also the resident memory T 4 8 2 helper cells are activated in support of the CD8+ immune response.
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A compelling idea is that the adaptive immune system underpins and sustains tissue damage after 4 8 4 brain injury: CD8+ T lymphocytes, supported by CD4+ Th1 cells, worsen the damage by cytotoxic results from edema-related water accumulation, affecting our analysis of the brain lesion. One study. Finally, an explanation could be reckoned on CD4 populations: namely the Th1, Th2 or Th17 5 0 0 populations. Interestingly, we found a direct correlation between the frequency of CD4+ T cells and of antibodies used for the T cell characterization does not allow us to distinguish between CD4+ T 5 0 5 helper populations; therefore, we cannot speculate further on the role of these cells in the lesion CD4 T-helper lymphocytes on anatomical and functional brain damage after TBI, exploring their 5 0 8 effects at different chronic time points.
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From the clinical point-of-view, patients with severe TBI show high susceptibility to systemic 5 1 0 infections, which are associated with declining neurological outcome and increased mortality. TBI 5 1 1 itself is an important risk factor for infection complication. While TBI is associated with an 5 1 2 immediate systemic inflammatory response (39), severe brain injury leads also to a delayed reduced number of circulating T lymphocytes (48, 49) . In patients with severe TBI, lymphopenia is 5 1 5 observed in peripheral blood soon after injury, due to a reduction of both CD4+ (49) and CD8+ (50) 5 1 6 circulating T cells, lasting up to several weeks (48). Therefore, we analyzed the levels of circulating T lymphocyte in our model to analyze if these reflect the neuroimmunological state of the brain, and if the acute lymphopenia is protracted to the chronic time point analyzed in this study.
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It has been proposed that CNS injuries could dampen cell-mediated immune responses via three 5 2 0 pathways: the hypothalamo-pituitary-adrenal (HPA) axis, the sympathetic nervous system, or the 5 2 1 parasympathetic system (48). Another proposed hypothesis is the compartmental shift of T 5 2 2 lymphocytes in the CNS (49). Based on the analysis of brain and spleen lymphocyte levels in WT showed a strong infiltration of T lymphocytes in the brain perilesional areas. If this would be the 5 2 5
result of a compartmentalization of T cells, we should expect to observe a drastic reduction of their 5 2 6 level in the spleen. Nevertheless, we found no differences in T cell levels (both CD4+ and CD8+) in 5 2 7 the spleen between naïve and CCI animals, in either genotype. At the same time, a drastic reduction 5 2 8 in CD8+ frequency in the spleen, independently from brain trauma, was observed in this study in 5 2 9 K14-VEGFR3-Ig compared to WT mice. These data confirm a previous report, describing a 5 3 0 constitutive systemic lymphopenia in K14-VEGFR3-Ig mice (34), which, as we here demonstrate, 5 3 1 does not reflect the levels of T cell-mediated neuro-immune response.
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It is out of the scope of this study to determine the mechanisms underlying the observed 5 3 3 lymphopenia in TBI. However, analysis of our data excludes a correlation between the extent of 5 3 4 brain infiltration and the level of T cells in the periphery (data not shown), suggesting the adaptive immune response localized in the brain. In this specific case, patients would benefit from a 5 3 9 1 8 targeted immunomodulatory therapy in the brain, not impinging on the already compromised 5 4 0 systemic immunity.
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Our data suggest that, in the presence of chronic neuro-inflammation (as it is the case after TBI (51, 5 4 2 52)), the neuro-and systemic immune responses are independent. This is apparently in contrast with 5 4 3 previously published data (6), where Authors found a substantial correlation between the levels of 5 4 4 different T cell populations in the brain and in the blood after TBI. However, in their work Braun by an ongoing brain hemorrhage, and analyzed a portion of the injured brain which includes the 5 4 7 lesion itself. In our work, we analyzed an early chronic time point (30 dpi), where we could not find 5 4 8 visible sign of hematoma (both in MRI and by visual inspection of the brain tissue at the time of 5 4 9 euthanasia). Moreover, we excised the lesion area before collecting the brain tissue for lymphocyte 5 5 0 isolation. Our samples, therefore, includes only the T cells that were able to bypass the scar tissue 5 5 1 and infiltrate in the perilesional brain areas, possibly contributing to the secondary injuries in TBI 5 5 2 pathology.
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The role of T lymphocytes in the progression of brain damage following TBI is largely unknown. dysfunction in TBI can only be partially explained by differences in the severity and location of 5 5 7 brain injury (53). Our data support the role of the neuro-immune system as a key player in TBI respectively) and CD8+ T cells (B and D, respectively), in the brain of WT and K14-VEGFR3-Ig 6 5 0 mice, as analyzed in the perilesional and contralateral cortices (ipsi and contra, respectively), or in 6 5 1 intact cortices from naïve mice. A drastic reduction in the number of CD4+ T cells was found in 6 5 2 K14-VEGFR3-Ig mice after injury. A binomial negative regression or a linear mixed model was Wallis test or the paired samples Wilcoxon signed ranked test was used for the analysis of tissue loss independently from the genotype, we found a direct correlation between the two 6 7 7 parameters. The Kruskal Wallis test was used for the analysis of infarct volume and of tissue loss 
